A comparison is made between two contrasting breeding procedures for self-pollinating crops by means of computer simulation studies. The first is an early cross selection method, based on cross prediction by F3 line estimates of the cross mean and between-line variance. Subsequently, line selection is performed. Selection is postponed in the second procedure to a more homozygous, F6 generation, which is obtained by single seed descent. Only then is line selection performed, regardless of the pedigree.
Introduction
Various methods are used to obtain high performing inbred lines in the breeding of self-pollinating crops.
Selection can be applied in different stages of the breeding process and with varying intensities. In order to obtain a better view of the efficiency of different selection procedures, two contrasting selection methods are examined.
The first is a method, based on a quantitative genetic theory, which has been developed to predict the genetic potential of a certain cross in an early breeding generation (e.g. Mather & Jinks, 1971) . This technique, which makes use of estimates of the mean (m) and additive genetic variance (A) of a cross, should, in theory, allow the selection of those crosses most likely to produce superior inbred lines. Then, only the most promising crosses would be retained in the breeding programme. After this stage there is an opportunity to perform pedigree selection in the subsequent generations. This is referred to as 'early selection' (ES). In this trait, selection, self-pollinating crops, simulation,
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form ES comprises both between-and within-cross selection. A second, completely different method avoids selection in the early generations and waits until a high degree of both homogeneity and homozygosity has been reached. Genotypic differences between lines are then more pronounced and stable. At this stage selection between lines can be performed, without regard to the pedigree. An example of this is the method of single seed descent (SSD), and for crops which can be forced to a short generation cycle (e.g. spring cereals), SDD results in a quick advancement towards homozygosity. It was found from experimental studies on ES (Jinks & Pooni, 1980; Van Ooijen, 1989a,b) that using F3 lines to estimate the additive variance (A) is by far the most practical method for self-pollinating species. Estimates based on F3 lines, however, may be biased by the effects of intergenotypic competition and in small grain crops this bias can be particularly large because plot size is limited by the amount of seed. Van Ooijen (1 989a,b) concluded from his studies with mixtures of spring wheat that the estimates of the genetic parameters for yield are in fact severely biased, leading to unreliable cross predictions. In addition, early selection is very demanding in terms of labour and the trial field area.
The SSD method has proved to be a fast breeding procedure but tests on the advantages compared to other methods are quite inconsistent. Knott & Kumar (1975) found in their field experiment with spring wheat that an early yield test procedure (EYT) produced lines with a significantly higher average than did SSD. The yield level of the 20 per cent best lines did not, however, differ significantly for EYT and SSD. Boerma & Cooper (1975) also compared EYT with SSD and Pedigree Selection (PS) within crosses of soybean. They found no consistent differences in selection results between the three procedures and therefore regarded the rapid SSD method as most efficient.
Computer simulation studies showed that, especially with low heritability, SSD performs just as well as pedigree selection (Casali & Tigchelaar, 1975) ; however, they considered only one population on a strictly additive model and selection was based on individual plant performance.
A field experiment was carried out to compare both selection procedures, using pseudo-lines of spring wheat ( Van Oeveren, 1992 A relatively simple genetic model was assumed; a varying number of loci (up to 100) was supposed to determine a true quantitative trait. The F1 could be segregating for 30 of these loci, at most. All loci were assumed to have equal effect and to show no interaction (i.e. no epistasis) and no linkage. The two different breeding strategies are schematically visualized in Fig. 1 . Starting with a certain F1, which is heterozygous for a number of loci, an F2 of size NF2 is created by self ing. Two sets of progeny are then created from this F2. All F2 plants are advanced to F3 lines for the early selection procedure and for the SSD procedure just a single F3 plant is derived from each F2 plant. Every plant is supposed to give an equal number of progeny.
The F1 plant progenies will be large enough to allow an early yield testing. Each line is grown in the threerow plot in two replications. Based on the F3 cross mean and the additive variance, which is estimated as twice the between-line variance, the probability for each cross of retaining superior inbred lines in the F, is calculated (see Van Ooijen, 1989b The parameter u is entered as an input variable, as well as the additive (a) and dominance (d) effects, which are simply summed over all loci to give the genotypic value g.
The heritability on a per plant basis can be derived from the input variables 112 (F3 between line heritability), a, d and ii (number of plants per F plot).
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As the genetic variance between F lines equals: V1F A + D (i) tin the absence of epistasis; A and D are the sum of the quadratic effects of additivity and dominance respectively over all segregating loci (Mather & Jinks, 1971) ] and (ii) h2 = u/(a+ o), then the environmental error variance can be calculated as: Finally, an extra random effect was added to the plot sums to cover the effects of intergenotypic competition. From earlier research (A. J. van Oeveren unpublished), simulating both yield and competition, it was found that competition effects within plots were negligible compared to both the between-plot competition effects and the environmental error. A normally distributed error term could well mimic the between-plot competition and the size of the effect was found to be related to both the number of plants per plot and the betweenline variance, which varies with the level of heterogeneity of the generation. The following formula was found to perform well. o. 2.25' G, where 1 inF3-ES, G1 = 1.7 in F6-ES and 2 in F6-SSD.
Results

One cross
At first, simulations were performed to compare ES with SSD when only one cross was considered. In fact this results in early line selection instead of cross selection. As the possible negative effects of selecting the wrong crosses are completely absent, it is expected that ES will perform better than SSD, especially at high heritability. The quantitative trait of interest is assumed to be determined by 30 loci and the F1 is heterozygous for 10 of them in the range 16-25. This indicates that 15 loci are positive homozygous and five are negative homozygous. Heritability and the number of F2 plants (NF2) appear to be the two main sources of influences and results have been obtained in relation to these two variables. The first varies from 0.02 up to 1.0 and NF2 varies from 25 to 400 plants. The results are presented in Table 2 . The genotypic plot totals are given, expressed as a percentage of their maximum possible Thus when all 10 segregating loci are positive homozygous the genotype equals 100 per cent and with all segregating loci negative it equals 0 per cent. The mean of the phenotypic 10 best lines is also shown graphically in Fig. 2 .
The influence of the number of segregating loci is also tested. Two other crosses are examined, which are identical to the one described above except for the number of heterozygous loci in the F1. Cross two segregates for loci 8-25 (18 loci) and cross three for range 1-25 (25 loci). The results for all three crosses at a 
heritability of 1.0 (which is the most discriminating)
and for a varying number of NF2 are presented in Table  3 ; the genotypic means are plotted in Fig. 3 .
Five crosses
As ES comprises both selection between and within crosses, it is not fair to compare ES and SSD by only one cross; therefore, a breeding programme initiated with five crosses is considered. More crosses could be considered (and will be in an actual breeding programme) but our investigations were restricted to a subset of the potentially best crosses, which do not differ widely in population mean and variance. These five crosses have varying numbers and ranges of segregating loci. The characteristics of the crosses are given in Table 4 .
The threshold value beyond which a recombinant inbred line is considered to perform well was set at 80 per cent of the best conceivable genotype (with all positive alleles accumulated). The expected probabilities of each cross that exceeded this threshold value are also given in Table 4 . It can be seen that cross C has the highest probability with cross E second, although the latter can in fact deliver the highest yielding inbred line. Only the one best cross is selected and propagated with continuing line selection. The results of both breeding methods are given in Tables 5a and b, for various (-)ES, (---) SSD.
heritabilities and two different numbers ofF2 plants; 50 and 100. Means of the 10 best lines for both selection methods in the case of 50 F2 plants and for both one and five crosses are plotted in Fig. 4 . 
Conclusions and discussion
It appears from Table 2 and Fig. 2 that better lines are retained when heritability is high, as was expected.
Likewise, results are higher when more F2 plants (and therefore F3 and F6 lines) are taken. The advantage of ES over SSD is largest when the heritability is high and the number of F2 plants is low. Obviously the ES procedure is relatively inefficient when the F3 line estimates are influenced by a large environmental error. On the other hand, the SSD programme leads to poor results when less than 100 F2 plants are taken. The number of segregating loci that characterize the trait appears to have quite a large impact on the selection response. A much better line can be retained if only 10 loci are involved (90 per cent of the maximum versus 70 per cent with 25 loci). This is not surprising because the chance of retrieving a genotype with all positive alleles accumulated will be much smaller when 25 instead of 10 loci are segregating. Accordingly, the absolute differences between ES and SSD are slightly smaller when more loci are involved. The general trend is the same, however: if only one cross is considered, ES performs better than SSD, at least, with equal numbers of F3/F6 lines.
These findings do agree with those of Casali & Tigchelaar (1975) concerning different procedures of plant selection in one population. They also concluded that an (early) pedigree selection was more efficient than SSD at heritabilities varying from 0.1 to 1.0.
It is evident from Tables 5a and b that the advantage of ES over SSD in the case of one cross is completely absent in the move realistic situation of several crosses under selection. In the case of the one best line, the SSD method is even superior to ES at low and moderate heritability. As can be seen from the frequencies with which the different crosses are selected, the cross selection is close to random when heritability is low. When heritability increases the better crosses (C and E) are selected more frequently and the worst of heterozygosity in the F6/F7 is not very high, the It is interesting to examine the total trial field area needed for both programmes. The size of a large yield plot (F7-type) will be about four times the size of a small three-row plot (F3-type). In addition, the F7-type lines are grown in four replicates instead of two, so they occupy eight times as much space as the F3-type lines. The total number of lines used for the F3 to the F6/F7 generation is given in Table 7 , together with the total area needed, expressed as the number of F3-type plots.
It can be seen that, with a single cross, ES occupies much more space than SSD. When equal trial sizes are engaged for both procedures, the advantage of ES over SSD will be less obvious and maybe even absent. In the case of five crosses, the ES trial is larger than the SSD trial except for NF2 = 50. In most cases this implies an even larger advantage of SSD over ES when equal trial sizes are used. Of course greenhouse area is also necessary for the early SSD generations. This is partly compensated in the above comparison by the fact that the last SSD generation is one ahead of the last ES 
